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The fusion (F) protein of the paramyxovirus SV5 contains two heptad repeat regions, HRA adjacent to the fusion peptide
and HRB proximal to the transmembrane domain. Peptides, N-1 and C-1, respectively, corresponding to these heptad repeat
regions form a thermostable, a-helical trimer of heterodimers (S. B. Joshi, R. E. Dutch, and R. A. Lamb (1998). Virology 248,
20–34). Further characterization of the N-1/C-1 complex indicated that the C-1 peptides, which are predicted to residue on
the outside of the complex, are resistant to digestion by several proteases when present in the complex. Only proteinase K
digested most of the C-1 peptide, though the small remaining protease protected fragment of C-1 confers extreme
thermostability on the proteinase-K-resistant N-1 trimeric coiled-coil. Carboxypeptidase Y digestion of the N-1/C-1 complex
indicates that the C-1 peptides associate in an antiparallel orientation relative to the N-1 peptides. Electron microscopy of
the N-1/C-1 complex showed a rod-shaped complex with an average length of 9.7 nm, consistent with all of N-1 existing as
an a helix. Mutations at heptad repeat a and d residues of N-1, positions that are predicted to point inward to the center of
the N-1 trimeric coiled-coil, were found to have varying effects as analyzed by circular dichroism measurements. The
mutation I137M did not affect the helical structure of the isolated N-1 peptide but did affect the thermostability of the N-1/C-1
complex. Mutations L140M and L161M perturbed the helical structure formed by N-1 in isolation but did not affect formation
of a thermostable N-1/C-1 complex. Finally, a peptide, SV5 F 255-293, corresponding to a proposed leucine zipper region, was
analyzed for effects on N-1, C-1, or the N-1/C-1 complex. Circular dichroism analysis demonstrated that while the presence
of peptide 255-293 increased the helical signal from either N-1 or the N-1/C-1 complex, no change in thermostability was
observed, indicating that this region is not a component of the final, most stable core of the F protein. © 1999 Academic Press
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1INTRODUCTION
The fusion proteins of several widely disparate viruses
hare several important common features. The para-
yxovirus fusion (F) protein, the human and simian im-
unodeficiency virus (HIV and SIV) gp120/41, and influ-
nza virus hemagglutinin (HA) protein all form homotri-
ers (Wilson et al., 1981; Russell et al., 1994; Fass et al.,
996; Chan et al., 1997) that must be proteolytically
leaved to be biologically active (Scheid and Choppin,
974; Klenk and Garten, 1994). The resulting transmem-
rane domain (TM)-containing subunits contain a hydro-
hobic segment at the new N terminus, termed the
usion peptide, that has been shown to insert into the
arget membrane during the fusion process (Asano and
sano, 1985; Hernandez et al., 1997; Damico et al., 1998).
dditionally, two 4-3 heptad repeat regions are present in
ach of these fusion proteins, one near to the fusion
eptide and one in close proximity to the TM domain
Chambers et al., 1990; Buckland et al., 1992). These
1 To whom reprint requests should be addressed at Department of
iochemistry, Molecular Biology and Cell Biology, Northwestern Uni-
ersity, 2153 North Campus Drive, Evanston, IL 60208-3500. Fax: (847)a91-2467. E-mail: ralamb@nwu.edu.
147egions are thought to be important in the fusion reac-
ion, as mutations within these domains frequently lead
o a fusion-deficient phenotype (Cao et al., 1993; Chen et
l., 1993; Sergel-German et al., 1994), and peptides cor-
esponding to these regions have been demonstrated to
lock the fusion process (Wild et al., 1992, 1994; Jiang et
l., 1993a,b; Lu et al., 1995; Rapaport et al., 1995; Lambert
t al., 1996; Yao and Compans, 1996; Young et al., 1997;
oshi et al., 1998; Munoz-Barroso et al., 1998). Interest-
ngly, peptides corresponding to the heptad repeats of
he SV5 F protein block different steps of the fusion
rocess, with the N-terminal heptad repeat peptide
locking after lipid mixing occurs but the C-terminal
eptad repeat peptide blocking prior to the lipid mixing
tage (Joshi et al., 1998).
The similarities in properties among these viral fusion
roteins also extends to their tertiary structure. X-ray
rystallographic analyses of the low-pH-induced form of
nfluenza HA protein (Bullough et al., 1994), a portion of
he HIV and SIV gp41 proteins (Chan et al., 1997; Tan et
l., 1997; Weissenhorn et al., 1997Malashkevich et al.,
998), and peptides derived from the TM domain of
oloney murine leukemia virus (Mo-MLV) (Fass et al.,
996) and NMR analysis of SIV gp41 (Caffrey et al., 1998),
ll show an interior, trimeric coiled-coil derived from the
0042-6822/99 $30.00
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148 DUTCH, LESER, AND LAMB-terminal portion of the protein buttressed by three
urrounding helices from the C-terminal heptad repeat
egion aligned in antiparallel orientation. This structure
as been suggested to represent the final, most stable
orm of the protein, present either during or subsequent
o membrane fusion, with peptide inhibitors likely func-
ioning by preventing formation of this core (Blacklow et
l., 1995; Lu et al., 1995). Biochemical and electron mi-
roscopic examination has indicated that the Ebola virus
lycoprotein can also form a helical bundle (Weissen-
orn et al., 1998), and peptides from the SV5 F protein
ave been shown to form a thermostable, a-helical tri-
er of heterodimers (Joshi et al., 1998).
However, there are important differences between the
aramyxovirus F proteins and other viral fusion proteins.
nlike influenza virus HA protein and HIV gp41, the SV5
protein does not provide the primary binding role for
he virus: SV5 primary binding to a target cell is mediated
y the hemagglutinin-neuraminidase (HN) glycoprotein.
hile low pH is the natural trigger for inducing a dra-
atic conformational change in HA and for inducing
usion (Wilson et al., 1981; Carr and Kim, 1993; Bullough
t al., 1994) and fusion promoted by HIV gp120/41 or
etrovirus Env glycoprotein is thought to be triggered by
inding to the viral receptor (Moore et al., 1990; Hart et
l., 1991; Hernandez et al., 1997; Damico et al., 1998), the
rigger for fusion promoted by the paramyxovirus F pro-
eins is unknown (Lamb, 1993). Furthermore there are
ajor differences in the organization of the amino acid
equence of these fusion proteins. HA and HIV gp41
roteins have 12–16 spacer amino acid residues be-
ween the fusion peptide and the N-terminal heptad
epeat, and 18–37 spacer residues between the C-termi-
al heptad repeat and the TM domain, and it is consid-
red that these spacer residues might function as flexi-
le hinges during the fusion reaction. In contrast, SV5 F
rotein has no amino acids between the fusion peptide
nd the N-terminal heptad repeat, and only eight amino
cids between the C-terminal heptad repeat and the TM
omain, and the latter residues can be deleted without
ffecting fusion promotion (Zhou et al., 1997). Thus these
ata suggest that for SV5 F protein, a flexibility between
hese regions is not required. Finally though the heptad
epeat regions of HA and HIV gp41 are separated by only
small number of residues, 270 amino acids separate
he heptad repeat regions of the SV5 F protein. The role
f these intervening residues in the fusion process is
nclear, though a recently identified leucine zipper do-
ain in the Sendai virus F protein, which is proposed to
e conserved among paramyxoviruses, has been hy-
othesized to interact with the heptad repeat domains
Ghosh et al., 1997).
We have characterized further the complex formed
etween peptides corresponding to the heptad repeat
egions of the SV5 F protein. We find that the peptides
orm a tightly associated, rod-like complex, with the C- berminal (C-1) peptides present in an antiparallel orien-
ation relative to the N-terminal (N-1) peptides. In addi-
ion, we find that only a small portion of the C-1 peptides
s required to provide extreme thermostability to an N-1
rimer and that single point mutations within the N-1
eptide can affect either N-1 peptide structure or com-
lex formation. Finally, examination of a peptide corre-
ponding to the proposed SV5 leucine zipper region
uggests that this region does not show highly specific
nteractions with N-1, C-1, or the complex.
RESULTS
ormation of a complex with N-1 confers protease
esistance on C-1
We previously reported construction of peptides con-
aining the paramyxovirus F protein heptad repeat re-
ions, with peptide N-1 corresponding to seven residues
rom the fusion peptide together with the entirety of the
eptad repeat A region and peptides C-1 and C-2 con-
aining the entire heptad repeat B region with 18 addi-
ional residues at the N terminus present in C-1 (Fig. 1).
e found that the N-1 and C-1 peptides formed a com-
lex consisting of a thermostable trimer of heterodimers
Joshi et al., 1998). As a functional protein complex is
ften resistant to protease digestion, the sensitivity of
his complex to digestion by proteases was examined.
-1 and C-1 peptides (Fig. 1) were expressed as GST-
usion proteins, and the fusion proteins were purified on
lutathione beads. The peptides were cleaved from GST
ith Factor Xa and purified by reverse-phase HPLC to
omogeneity. Equimolar amounts of N-1 and C-1 were
ixed and incubated for 1 h at RT to allow for formation
f the complex and digested with chymotrypsin or papain
5 mg/ml). Digestions were terminated by addition of
protinin or 5 mM phenyl methyl sulfonyl fluoride (PMSF),
espectively, the samples heated in 2% SDS at either 40
r 100°C, and peptides fractionated by electrophoresis
n an SDS-tricine gel and stained with Coomassie bril-
iant blue. It was found that whereas N-1 alone was
esistant to digestion with chymotrypsin and sensitive to
apain digestion, C-1 in isolation was completely sensi-
ive to both proteases (Fig. 2). However, the N-1/C-1
eptide complex was found to be almost completely
esistant to chymotrypsin digestion and only very slightly
rimmed by papain digestion, indicating that the acces-
ibility of both the N-1 and the C-1 peptides to proteases
s altered significantly in the N-1/C-1 complex. Note that
he N-1/C-1 complex is resistant to 2% SDS and 40°C
ncubation and migrates on gels as a Mr ;32,000 spe-
ies. Alterations of C-1 peptide sensitivity to bromelain
nd thermolysin digestion on formation of the N-1/C-1
omplex were also observed with C-1 showing complete
rotection from thermolysin and partial protection from
romelain when in complex with N-1 (data not shown).
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149PARAMYXOVIRUS FUSION PROTEIN CORE TRIMERsmall region of C-1 is required to confer
hermostability on the N-1 trimeric core
It had been found previously that peptide N-1 forms a
rimeric core that is, in the large part, resistant to pro-
einase K digestion: analysis by mass spectroscopy in-
icated that proteinase K treatment of isolated N-1 re-
oved four amino acids from its C terminus and five
mino acids from its N terminus (Joshi et al., 1998).
ormation of the N-1/C-1 complex resulted in protection
f the majority of N-1 from proteinase K digestion, with
FIG. 1. Schematic representation of the paramyxovirus F protein, and
ignal sequence (SP), the proteolytic cleavage-activation site (C), the
resumptive transmembrane domain (TM) are shown. The amino acid
tyrosine at the C terminus that is not found in the native protein, to faci
re indicated.
FIG. 2. Chymotrypsin and papain digestions of the individual peptide
-1/C-1 complex (70 mM) were subjected to chymotrypsin or papain dig
n protein lysis buffer at either 40 or 100°C and analyzed on Tris–tricin
olecular weight markers (kDa) and the positions of the high molecular weignalysis by mass spectroscopy indicating that only two
mino acids were removed from the C terminus of N-1.
owever, formation of the N-1/C-1 complex did not result
n significant protection of the C-1 peptide from protein-
se K digestion: no remaining C-1 band was observed on
els, and the results of sedimentation equilibrium cen-
rifugation experiments indicated the presence of only a
ew remaining residues from C-1. Furthermore sedimen-
ation equilibrium centrifugation (Joshi et al., 1998)
howed that proteinase-K-treated N-1 formed a trimeric
ino acid sequences of the peptides used in this study. The N-terminal
peptide (FP), heptad repeat A (HRA), heptad repeat B (HRB), and the
ces of peptides N-1, C-1, C-2, and 255-293 are indicated. N-1 contains
rotein determination. The positions of mutants made in the N-1 peptide
and C-1) and the N-1/C-1 peptide complex. Individual peptides or the
as described under Materials and Methods. The samples were heated
and peptides stained with Coomassie brilliant blue. The sizes of lowthe am
fusion
sequen
litate ps (N-1
estion
e gelsht N-1/C-1 complexes are indicated on the side of the gel.
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150 DUTCH, LESER, AND LAMBomplex whereas this complex was not observed with
ntreated N-1 (Joshi et al., 1998). To examine more
losely the requirements for N-1/C-1 complex formation,
e investigated properties of a complex formed between
roteinase K treated N-1 and untreated C-1. Without
rotease treatment the N-1/C-1 complex, which is resis-
ant to denaturation in 2% SDS at 40°C, was observed as
Mr ;32,000 complex (Fig. 3A, lane 3). Proteinase K
reatment of N-1 resulted in a slight trimming of the N-1
eptide (Fig. 3A, lane 2). When proteinase-K-treated N-1
as combined with untreated C-1, the high molecular
eight band corresponding to the N-1/C-1 complex was
FIG. 3. Analysis of proteinase-K-treated N-1/C-1 complexes. Individu
P) as described under Materials and Methods. For the (N-1)P 1 C-1 co
f the enzyme and addition of peptide C-1, and the complex was
ow-molecular-weight markers are indicated. (B) Temperature dependeot observed (Fig. 3A, lanes 5 and 6), suggesting that thile proteinase K treatment promotes formation of the
-1 trimer, it decreases the stability of the N-1/C-1 com-
lex as assessed by the lack of an SDS-resistant com-
lex at 40°C. As observed previously, proteinase K treat-
ent of the N-1/C-1 complex resulted in a complex that
s resistant to denaturation in 2% SDS at 40°C and after
00° treatment yielded a trimmed N-1 band and loss of a
isible C-1 peptide fragment (Fig. 3A, lanes 7 and 8, and
ee Joshi et al., 1998).
The thermal stability of the proteinase-K-treated com-
lexes was assessed by CD analysis of the temperature
ependence of the a-helical u222 reading. While the un-
ides or the N-1/C-1 complex were subjected to proteinase K digestion
proteinase K digestion of N-1 was performed, followed by inactivation
d to form for 1 h. (A) Tris–tricine gel analysis. The sizes of the
the CD signal at 222 nm for the various complexes (1 mM) in PBS.al pept
mplex,
allowe
nce ofreated complex showed significant loss of the helical
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151PARAMYXOVIRUS FUSION PROTEIN CORE TRIMERignal only at temperatures .90°C, proteinase-K-treated
-1 in complex with untreated C-1 [(N-1)P 1 C-1] unfolded
n a biphasic manner (Fig. 3B), confirming that pretreatment
f N-1 with proteinase K results in a considerably less
table complex. Interestingly, we find that proteinase-K-
reated N-1/C-1 complex, though having less overall helical
ignal due to loss of protein during digestion, retained the
hermostability seen in the untreated complex, with a Tm of
90°C (Fig. 3B). Therefore, the presence of a small, pro-
einase-K-resistant portion of C-1 is sufficient to confer
xtreme thermostability on the N-1 trimer. Previously it was
hown that N-1 in complex with the smaller C-2 peptide is
ess thermostable than N-1 in complex with C-1 (Joshi et al.,
998), indicating that at least some of the important resi-
ues for the stabilization of N-1 must come from the region
n C-1 not present in C-2. To identify the regions of C-1
mportant for this interaction, smaller peptides correspond-
ng to the portions of C-1 present outside the C-2 pep-
ide (435-452, 435-444, 445-453) were chemically syn-
hesized and examined for their ability to confer thermosta-
ility on N-1. However, none of these peptides, either alone
r in combination with C-2, was able to form a highly
hermostable complex with N-1 (data not shown), suggest-
ng that the initial N-1/C-1 interaction requires the longer
eptide.
he N-1 peptides and C-1 peptides associate in an
ntiparallel orientation
Proteinase K digestion has been used to show that the
eptad repeat peptides of HIV and SIV gp41 associate in
n antiparallel orientation (Blacklow et al., 1995; Lu et al.,
995). As proteinase K digests the majority of the C-1
eptide in the SV5 F N-1/C-1 complex, digestion with
arboxypeptidase Y (CPY) was employed to determine
he relative orientation of the two peptides. N-1, C-1, or
-2 peptides, either alone or in preformed complexes,
ere incubated with CPY (0.5 mg/ml) at pH 5.5, and
igestion was terminated by addition of 5 mM PMSF, and
eptides were analyzed on Tris–tricine gels. CPY di-
ested the isolated N-1 peptide to a size consistent with
igestion from the C terminus to glycine residue 162 (Fig.
A), and it is well established that it is difficult for CPY to
emove glycine residues (Stennicke et al., 1994). In iso-
ation both the majority of C-1 and all of C-2 were com-
letely digested by CPY. When the N-1/C-1 complex was
ubjected to CPY digestion, the C-1 peptide was com-
letely protected, while the digested N-1 peptide exhib-
ted a mobility on gels consistent with protection of a
mall number of amino acids residues C-terminal to the
lycine residue 162 (Fig. 4A). CPY treatment of the N-1/
-2 complex resulted in protection of the C-2 peptide
more readily visualized after an extremely short destain-
ng period: Fig. 4A, right), but no change in the mobility of
-1 was observed from that seen when the N-1 peptide
lone was digested with CPY. Thus because the C-1 and i-2 peptides share a common C terminus but have
iffering N termini (Fig. 1) and show differential protec-
ion of the N-1 peptide C terminus, it can be deduced that
he N-1 and C-1/C-2 peptides associate in an antiparallel
rientation (Fig. 4B).
utations at heptad repeat a and d positions in the
-1 peptide have varying affects on the stability of
he N-1/C-1 complex
The effect of mutations I137M, L140M, V154M, and L161M
t the N-1 peptide heptad repeat a or d residues (Fig. 1)
n the formation and stability of the N-1/C-1 complex
as tested, as these positions are predicted to point
nward to the center of the N-1 trimeric coiled-coil. The
utations I137M and V154M did not effect the a-helical
haracter of the N-1 peptide in isolation (Fig. 5), whereas
utations L140M and L161M resulted in peptides whose
D spectra were consistent with the presence a partly
-helical and partly random coil peptide, indicating that
hese mutations had disrupted at least a portion of the
ative N-1 structure. When I137M N-1 was mixed with C-1
higher a-helical content was observed than when the
D spectra of the two individual N-1 and C-1 peptides
ere added mathematically, suggesting an interaction
etween the two peptides. However, the thermal dena-
uration of the I137M N-1/C-1 complex showed a distinctly
iphasic nature, indicating that the I137M mutation desta-
ilized the complex. V154M N-1/C-1 formed a stable a-
elical complex, as judged by its a-helicity and thermal
elt profile, exhibiting a Tm of 85°C, a temperature only
lightly less than that observed with the wild-type (wt)
-1/C-1 complex (92°C; indicated on Fig. 5 thermal sta-
ility graphs as a dashed vertical line). Last, both the
140M N-1 peptide and the L161M N-1 peptide, though not
rimarily a-helical in isolation, formed a-helical, thermo-
table complexes with C-1, suggesting that the disruption
n the structure of N-1 caused by these mutations can at
east in part be compensated for by formation of a com-
lex with C-1. Taken together, these data indicate that the
nteraction between N-1 and C-1 is very specific, with
ifferent regions of the N-1 peptide playing roles of
arying importance in the formation of a stable complex
ith C-1, and that disruptions in the structure of the N-1
egion do not necessarily prevent formation of a stable
-1/C-1 complex.
lectron microscopic examination of the N-1/C-1
omplex demonstrates a rod-shaped structure
Electron microscopy of the N-1/C-1 complex revealed
od-shaped particles in those samples containing both
-1 and C-1 (Fig. 6A), but no such rod-shaped particles
n samples containing C-1 peptide alone or in samples
ontaining N-1/C-1 complex that had been heated to
00°C for 5 min prior to examination (data not shown). Anmmunoglobulin molecule (11–13 nm) is shown for com-
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152 DUTCH, LESER, AND LAMBarison (Fig. 6B). Measurement of 68 N-1/C-1 complexes
ielded an average length of 9.7 6 1.7 nm, a figure that is
onsistent with the predicted length of 9.4 nm for an
-helical coiled-coil of the complete 62 residues of N-1.
he rod-shaped complexes are quite similar to those
reviously reported for influenza HA protein (Ruigrok et
l., 1988; Chen et al., 1995), HIV gp41 protein (Weissen-
orn et al., 1996), and the TM domain-containing seg-
ent of Ebola virus glycoprotein (Weissenhorn et al.,
FIG. 4. Carboxypeptidase Y (CPY) digestion of individual peptides or
r N-1/C-2 complexes were subjected to CPY treatment as described
ow-molecular-weight markers and the position of the high-molecular
estained only briefly to allow visualization of the C-2 protected by the
ragment resistant to CPY digestion. (B) Schematic representation of the
epresents the glycine residue at which CPY digestion of the isolated998). rpeptide corresponding to a conserved
aramyxovirus F protein putative leucine zipper
egion is unable to stabilize N-1
Recently, a region of the Sendai virus F protein with
haracteristics of a leucine zipper has been identified
hat has been suggested to be an element conserved in
ll paramyxovirus F proteins (Ghosh et al., 1997). When
his leucine zipper peptide was mixed with the heptad
xes. Individual peptides (70 mM N-1 or C-1 or 210 mM C-2) or N-1/C-1
Materials and Methods. (A) Tris–tricine gel analysis. The sizes of the
N-1/C-1 complexes are indicated. The gel portion on the right was
ce of N-1. *, fragment of N-1 protected by C-1 on CPY digestion; #, N-1
of CPY digestion depending on relative orientation of the helices. Gly*
ptide terminates.comple
under
-weight
presen
resultsepeat peptides of Sendai virus F protein, an increase in
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153PARAMYXOVIRUS FUSION PROTEIN CORE TRIMER-helical content was observed that was interpreted as
he formation of a specific complex (Ghosh et al., 1997,
FIG. 5. CD spectra of the N-1 mutant peptides I137M, L140M, V154M a
z z z), or the complex (—) was performed with 10 mM peptide at 2°C.
- - -). Thermal dependence studies of the CD signal at 222 nm were pe
-1/C-1 complex for comparison.998). To determine whether the homologous region irom the SV5 F protein (which only contains two leucine
esidues at the a positions of a leucine zipper) was an
M. Wavelength analysis of C-1 peptide (- z -), the N-1 peptide mutants
thematical addition of the individual N-1 1 C-1 curves is also shown
using 1 mM peptide in PBS. Vertical dotted lines indicate Tm50 of thend L161
The mantegral part of the core trimer, the peptide SV5 F 255-293
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154 DUTCH, LESER, AND LAMBFig. 1) was synthesized chemically and the peptide
urified to homogeneity by reverse phase HPLC. The
eptide was found to be quite insoluble in aqueous
olution, with significant aggregation seen at concentra-
ions .0.2 mg/ml (data not shown). When incubated with
he N-1 peptide at equimolar concentrations, an increase
n mean residual ellipticity in the CD spectra above the
athematically predicted addition was observed, sug-
esting some interaction between the peptides (Fig. 7).
owever, the observed minimum at 208 nm for N-1 in
solation was shifted to 206 nm when 255-293 was
dded, suggesting a shift from an ideal a helix. Further-
ore, thermal denaturation showed that the N-1/255-293
FIG. 6. Electron micrographs of the N-1/C-1 complex. (A) The N-1/
reparations. The average length is 9.7 nm. (B) An IgG molecule, r
epresentations of the molecules are shown. Bar, 25 mM.
FIG. 7. CD analysis of the interaction of SV5 F 255-293 with other pept
r the N-1/C-1 complex (z z z) or the 255-293 added to these peptides (—he isolated curves is also shown (- - -). Thermal dependence studies of the Complex had a Tm identical to that seen with N-1 alone,
ndicating that 255-293 was unable to specifically stabi-
ize N-1. No increase in mean residual ellipticity was
etected when 255-293 was incubated with the C-1 pep-
ide (data not shown). An increase in helical signal was
gain seen when 255-293 was incubated with the N-1/
-1 complex (Fig. 7), but the high Tm of thermal dena-
uration was unaffected, regardless of the order of addi-
ion of the peptides (data not shown), indicating that
55-293 does not affect the formation of the thermostable
-1/C-1 complex. Finally, addition of SV5 F 255-293 to the
140M N-1 peptide, which has a disrupted structure as
ompared to the wt N-1 peptide, resulted in an increase
ptide complexes appear as rod-like structures in negatively stained
to be 11–13 nm is size, is shown for comparison. Diagrammatic
avelength analysis on the 255-293 peptide (- z -), the N-1 peptide, L140M
performed with 10 mM peptide at 2°C. The mathematical addition ofC-1 pe
eportedides. W
) wasD signal at 222 nm were performed using 1 mM peptide in PBS.
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155PARAMYXOVIRUS FUSION PROTEIN CORE TRIMERn random coil signal seen in CD analysis, rather than the
ormation of a stable a-helical structure seen when the
1 peptide was added to L140M (Fig. 7).
DISCUSSION
Fusion proteins from widely disparate families of en-
eloped RNA viruses have been shown to contain heptad
epeat regions adjacent to both the N-terminal fusion
eptide and the transmembrane domain (Chambers et
l., 1990). Previously, peptides corresponding to these
eptad repeat regions from the SV5 F protein were
hown to form a thermostable, a-helical complex whose
ass was consistent with a trimer of heterodimers (Joshi
t al., 1998). The further characterization of this complex
resented here provides valuable evidence concerning
he nature of the complex. First, it is clear that there is an
xtremely tight association between the N-1 and C-1
eptides, as both are protected from protease digestion
hen present within the N-1/C-1 complex (Fig. 2). A tight
ssociation leading to protease resistance has also
een seen for portions of the HIV gp41 (Lu et al., 1995)
nd SIV protein (Blacklow et al., 1995) corresponding to
he heptad repeat regions.
Observation of the N-1/C-1 complex by electron mi-
roscopy indicated that it is a long, rod-like structure with
n average length of 9.7 nm, a finding consistent with the
ajority of the N-1 peptide in the complex being present
s an a helix. The rod-shaped complexes we observed
re very similar to those seen for Ebola virus glycopro-
ein transmembrane domain-containing segment (Weis-
enhorn et al., 1998), influenza virus HA2 (Ruigrok et al.,
988; Chen et al., 1995) and HIV gp41 (Weissenhorn et al.,
996), adding weight to the notion of a conserved para-
igm for fusion promotion among fusion proteins from
idely disparate viruses (Hughson, 1997).
Proteinase K treatment of the N-1/C-1 complex results
n digestion of the majority of the C-1 peptide (Fig. 3A and
oshi et al., 1998), and the mass of the complex deter-
ined by analytical ultracentrifugation suggests that only
r ;500–1000 of the C-1 peptide remained bound to the
-1 core structure (Joshi et al., 1998). Remarkably, as
hown here (Fig. 3B), this small amount of remaining C-1
onfers a great increase in thermostability on the com-
lex (N-1 trimer alone Tm ;45°C: N-1/C-1 proteinase K
reated Tm .90°C), These data suggest that a small
umber of critical interactions between the N-1 and C-1
eptides are responsible for the thermostability of the
omplex. Analysis of HIV gp41 mutants resistant to inhi-
ition of fusion by the C-terminal heptad repeat-contain-
ng peptide DP-178 has led to the identification of one
ritical region in the N-terminal heptad repeat for inter-
ction between the HIV gp41 heptad repeats (Rimsky et
l., 1998). In addition, a deep cavity in the inner N-1
eptide trimer has been suggested to play a critical rolen complex stabilization (Chan et al., 1997; Weissenhorn (t al., 1997). We attempted to identify the important re-
ion in C-1 for stable complex formation by synthesizing
hort peptides representing various portions of se-
uence unique to C-1 and not found in C-2. However,
hen the thermostability of N-1 mixed with these pep-
ides was determined, none of the peptides increased
he thermostability of N-1. These data suggest that initial
omplex formation requires more than just a small num-
er of critical residues unique to C-1 and not found in
-2. Identification of these critical contact residue will
equire structural information at the atomic level.
It is unknown whether the N-1 trimeric coiled-coil is
ormed prior to association with the C-1 peptide. Previ-
usly we showed that removal from N-1 of four C-termi-
al residues and five N-terminal residues by proteinase
digestion allows formation of a detectable isolated N-1
rimer (Joshi et al., 1998). However, we show here that
rior treatment of N-1 with proteinase K leads to forma-
ion of a less stable complex with undigested C-1, as
udged by both loss of a stable form on Tris–tricine gels
Fig. 3A) and a biphasic thermal denaturation profile (Fig.
B). As discussed above, only a few critical contacts
etween N-1 and C-1 are needed for thermostability after
he complex is formed, suggesting that the decreased
tability of the (N-1)P/C-1 complex is a result of a differ-
ng initial complex formation. It seems likely that the
esidues removed from N-1 by proteinase K digestion are
mportant for formation of the most stable N-1/C-1 com-
lex. Alternatively, the trimer formed between the N-1
eptides after proteinase K digestion may be locked into
conformation that does not allow for proper formation
f the N-1/C-1 complex.
Mutants in the N-1 peptide at the hypothesized interior
and d positions of the coiled-coil were examined for
heir effects both on N-1 structure in isolation and on
ormation of a complex with the C-1 peptide. The mutant
eptide V154M showed no visible change in the CD
pectra as compared to the wt N-1 peptide, with minima
t 208 and 222 seen, consistent with a primarily a-helical
tructure, and formed a complex with C-1 that was only
lightly less thermostable than the wt complex. The I137M
utation again showed no effect of the structure of the
solated peptide. However, this mutation destabilized a
ortion of the N-1/C-1 complex as judged by the biphasic
hermal denaturation curve observed (Fig. 5). Mutants
140M and L161M fall into a different class, as these
utations cause a change in the structure of the isolated
-1 peptide, as judged by a change in the CD spectra,
ut they were still able to associate with the C-1 peptide
o form an a-helical, thermostable complex. One inter-
retation of these data are that the N-1 peptide does not
ave to form a specific structure before the interaction
ith C-1 occurs. Mutants in the N-terminal heptad repeat
f both HIV gp41 (Cao et al., 1993; Chen et al., 1993) and
he paramyxovirus Newcastle disease virus F protein
Sergel-German et al., 1994) have been characterized,
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156 DUTCH, LESER, AND LAMBnd they fall into two classes. One class disrupts initial
roteolytic processing of the protein, suggesting a pro-
ein folding defect, while the other class of mutant pro-
eins is folded and processed normally but is defective in
embrane fusion promoting activity. It seems possible
hat mutations such as L140M and L161M might cause
nitial problems in folding, as the N-1 region shows
isrupted structure. On the other hand, the I137M mutation
ay represent a phenotype that is properly folded but
eficient in fusion, as the formation of a complex between
he two heptad repeats is hypothesized to be important
or promotion of membrane fusion. This hypothesis is
irectly amenable to future experimental testing.
Recently, a region of the Sendai virus F protein with
haracteristics of a leucine zipper has been identified
SV-269), and it was suggested that this leucine zipper is
onserved among paramyxovirus F proteins. A peptide
orresponding to this domain was suggested to interact
ith either heptad repeat A- or heptad repeat B-contain-
ng peptides of Sendai virus, as judged by fluorescence
tudies measuring close proximity of molecules and in-
reases in mean residual ellipticity in the CD spectra on
ixing with either heptad repeat peptide (Ghosh et al.,
997, 1998). Although the homologous region from the
V5 F protein has only two heptadic leucines and there-
ore lacks the classic zipper motif, it was important to test
f this region participated directly in the formation of the
protein stable core. The peptide corresponding to this
egion, SV5 F 255-293, was able to stimulate the CD
ignal from the N-1 peptide above that expected from a
athematical addition of the separate curves, though the
xperimental curve also demonstrated minima that had
hifted away from the 208, 222 minima expected for a
elices (Fig. 7). However, there was no stabilization of
he N-1 helical structure, as judged by thermal denatur-
tion. Furthermore, SV5 F 255-293 did not disrupt forma-
ion of the N-1/C-1 complex nor did it stabilize the L140M
-1 mutant peptide to a helical structure. Taken together,
hese data indicate that this region is not specifically
nteracting with either N-1 or C-1 to form a portion of the
table core of the SV5 F protein. As both SV5 F 255-293
nd SV-269 (Ghosh et al., 1997) have a strong tendency
o aggregate, it seems possible that the effects seen on
D spectra relate to the ability of these peptides to
romote aggregation among peptides with primarily hy-
rophobic nature.
To extend the notion of a conserved paradigm among
iral fusion proteins, it was important to determine the
rientation of the N-1 and C-1 helices in the complex.
he CPY digestion patterns of the N-1/C-1 and N-1/C-2
omplexes indicate that the C-1 helices associate in an
rientation antiparallel to the N-1 helices (Fig 4). The
tomic structure of the heptad repeat regions of HIV and
IV gp41 protein (Chan et al., 1997; Tan et al., 1997;
eissenhorn et al., 1997; Caffrey et al., 1998; Malashkev-ch et al., 1998), a fragment of the Moloney murine leu- iemia virus transmembrane protein (Fass et al., 1996)
nd the low-pH-induced form of influenza virus HA pro-
ein (Bullough et al., 1994) all show an antiparallel align-
ent between the interior trimeric amino terminal region
eptide and the outer carboxyl terminal region peptide.
here are compelling reasons to suggest that this com-
lex is not formed prior to fusion but instead forms either
uring or subsequent to the membrane fusion event.
irst, both prolonged protease digestion and thermosta-
ility studies indicate that the complex is extremely sta-
le and unlikely to dissociate in a biologically relevant
ime frame. Second, the ability of heptad repeat-contain-
ng peptides to inhibit fusion (Wild et al., 1992, 1994; Jiang
t al., 1993a,b; Lu et al., 1995; Rapaport et al., 1995;
ambert et al., 1996; Yao and Compans, 1996; Young et
l., 1997; Joshi et al., 1998; Munoz-Barroso et al., 1998)
as been suggested to be at least partially due to their
bility to block formation of the complex during the pro-
otion of membrane fusion. Finally, fusion peptides in-
ert into the target membrane (Asano and Asano, 1985;
ovick and Hoekstra, 1988; Hernandez et al., 1997;
amico et al., 1998), yet formation of the stable antipar-
llel complex between heptad repeat regions would
ring the fusion peptide and transmembrane domain into
lose proximity, suggesting that this complex can only be
ormed during or subsequent to the membrane fusion
vent.
MATERIALS AND METHODS
onstruction of plasmids
pGEX-4T-1 vectors containing the nucleotide se-
uence for the N-1, C-1, or C-2 peptides fused to the
ucleotide sequence of Schistosoma japonicum gluta-
hione–S transferase were described previously (Joshi et
l., 1998). The mutations I137M and V154M were intro-
uced directly into the pGEX-4T-1 GST-N-1 by oligonu-
leotide-directed unique site elimination (USE) mutagen-
sis (Deng and Nickoloff, 1992) using the USE mutagen-
sis kit following the instructions of the supplier
Pharmacia Biotech Inc., Piscataway, NJ). Mutations
140M and L161M were introduced into pGEM2X-SV5 F
Bagai and Lamb, 1995) by USE mutagenesis. The re-
ions of the genes corresponding to residues 122–184
ere then amplified by standard PCR methods using
ynthetic primers designed to introduce an upstream
amHI site and a downstream SalI site. The amplified
egions containing the mutations were then cloned into
he BamHI-SalI sites of pGEX-4T-1.
rotein expression and purification
Escherichia coli DH1 cells containing the pGEX-4T-1
lasmids were grown at 37°C in Luria-Bertani medium to
n optical density of 0.8–1.0. Protein expression wasnduced with 1 mM IPTG, and the cells were grown for
3
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157PARAMYXOVIRUS FUSION PROTEIN CORE TRIMER.5 h and then harvested. Cells were lysed by sonication
Branson sonifier 450, VWR Scientific) for 90 s in phos-
hate-buffered saline (PBS, 10 mM sodium phosphate,
H 7; 150 mM NaCl) supplemented with a cocktail of
rotease inhibitors (Paterson and Lamb, 1993). Triton
-100 was then added to a final concentration of 2%, and
he lysate was incubated for 1 h at 4°C with rocking and
as subsequently clarified by centrifugation at 12,000 g
or 30 min at 4°C. Glutathione–Sepharose beads (50% v/v
n PBS) were added to the clarified supernatant (2 ml/100
l clarified supernatant), and the mixture was incubated
vernight at 4°C with gentle rocking. The GST–fusion
rotein-bound matrix was washed two times in PBS
ontaining 2% Triton X-100 followed by two washes in
BS with 1% octyl glucoside, one wash with PBS alone,
nd two washes with Factor Xa cleavage buffer (50 mM
ris–HCl, pH 7.5; 150 mM NaCl; 1 mM CaCl2). Factor Xa
as added (50 mg Factor Xa per milliliter glutathione–
epharose beads), and the matrix was incubated for 6–8
at 4°C with gentle rocking. The beads were pelleted by
entrifugation at 500 g for 3 min, and the eluate contain-
ng the peptides was removed carefully. Peptides were
urified to homogeneity by using a reverse-phase C18
olumn and a BioCAD 700E Workstation (PerSeptive Bio-
ystems, Framingham, MA). Peptides were dried under
acuum for 12 h and dissolved in PBS. Peptide concen-
ration was determined both spectrophotometrically at
280 (Gill and von Hippel, 1989) and by the BCA protein
etermination assay (Pierce Biochemicals). The peptides
V5 F 255-293, (Y)435-452, (Y)435-444, and 445-453(Y)
ere chemically synthesized by the Howard Hughes
edical Institute Protein Structure Laboratory, University
f California San Francisco, and purified by reverse
hase chromatography as described above.
D spectroscopy
CD spectra were recorded on a Jasco J-715 spectro-
hotometer (Jasco Inc., Tokyo, Japan) equipped with a
hermoelectric temperature controller. Wavelength spec-
ra were recorded at 2°C using a 0.1-cm path-length
uvette containing 10 mM sample of peptides in PBS
uffer. Thermodynamic stability was measured at 222 nm
y monitoring the CD signal in the range 10–98°C with a
can rate of 2°C/min using a 1-cm path-length cuvette
ontaining 1 mM peptide sample in PBS.
roteolysis protection experiments
Peptide N-1 and either C-1 or C-2 were mixed in
quimolar amount (70 mM each) and incubated at room
emperature for 1 h to allow complex formation. Chymo-
rypsin digestions (5 mg/ml) (ICN Biochemical, Aurora,
H) were carried out at room temperature for 1 h in PBS
djusted to pH 7.4 and were terminated by addition of
protinin. Papain digestions (5 mg/ml) (ICN Biochemi-
als, Aurora, OH) were carried out at room temperature Cor 1 h in PBS adjusted to pH 6.8 and were terminated by
ddition of PMSF (Sigma Chemical Co., St. Louis, MO) to
final concentration of 5 mM with further incubation at
oom temperature for 10 min. Proteinase K (Boehringer
annheim, Indianapolis, IN) digestions were performed
t 4°C for 2 h in PBS buffer using 1% wt/wt, proteinase
/peptide and were terminated by addition of PMSF as
escribed above. Carboxypeptidase Y digestions (0.5
g/ml) (Boehringer Mannheim) were performed at room
emperature for 1 h in PBS adjusted to pH 5.5 and were
erminated by addition of PMSF. The digestion products
ere analyzed by tricine–SDS–gel electrophoresis
Schagger and Von Jagow, 1987) and stained with Coo-
assie brilliant blue.
lectron microscopy
Electron microscopy was performed by adhering
here possible to the principles set forth by Wrigley and
oworkers (1982). Samples were absorbed onto freshly
low discharged carbon coated parlodion films, stained
ith 1% sodium phosphotungstate (pH 6.6), and exam-
ned in a Jeol JEM-100CX II electron microscope operat-
ng at 100 kV. The electron microscope was capable of
esolving the lattice plane spacing of catalase crystals
6.85 and 8.75 nm). The C-1 peptide alone and the N-1/
-1 complex denatured by heating to 100°C were used
s controls.
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